Globally, irrigated agriculture is the largest abstractor, and predominant consumer, of groundwater resources, with large groundwater-dependent agro-economies now having widely evolved especially in Asia. Such use is also causing resource depletion and degradation in more arid and drought-prone regions. In addition crop cultivation practices on irrigated land exert a major influence on groundwater recharge. The interrelationship is such that cross-sector action is required to agree more sustainable land and water management policies, and this paper presents an integrated vision of the challenges in this regard. It is recognised that 'institutional arrangements' are critical to the local implementation of management policies, although the focus here is limited to the conceptual understanding needed for formulation of an integrated policy and some practical interventions required to promote more sustainable groundwater irrigation.
Groundwater is a 'very popular commodity' with most farmers since it is:
• under their direct control for crop needs (given a reliable energy source for pumping)
• usually found close to the point-of-use (often only a well's depth away)
• well-suited to pressurised irrigation (and highproductivity precision agriculture).
A large proportion of the global investment in irrigation water wells has been on a private basis by individual farmers, albeit this has often been facilitated and stimulated by government through grants and lowcost loan finance, together in some cases with the provision of highly subsidised rural electrical energy for pumping.
General concerns about resource sustainability
In most regions that experience an extended dry season, consumptive water use by agriculture (if unconstrained) usually generates a demand for crop irrigation in excess of the availability of renewable groundwater resources, given that extensive areas of cultivatable land usually occur above aquifers. This situation has led to widespread depletion of groundwater resources with a number of collateral effects (Garduño & Foster ) , Export asparagus production already has high irrigation efficiency and water productivity, but efforts underway to reconcile with very weakly recharged aquifer and salinisation threat through surface-water transfer/artificial recharge Silao-Romita Aquifer, Guanajuato, Mexico
Upland basin with layered volcanic and lacustrine deposits in semi-arid area (500 mm/a); shallow aquifer exhausted and deep aquifer depleting mainly due to intensive abstraction for alfalfa and maize production as livestock feed
Aquifer user management association formed and 'stabilisation plan' elaborated 10 years ago, but this has not conceptually or administratively confronted harsh reality of limited renewable groundwater resources which vary considerably in occurrence and intensity with hydrogeological setting:
• Some discussion of the concepts of resource 'sustainability' and 'overexploitation' is relevant here, whilst not getting hung up over semantics. Clearly all groundwater abstraction has an 'impact'since it diverts flow from elsewhere in an aquifer system and reduces natural discharge. The real question is, when do such impacts become cumulatively significant? On economic criteria this would be when 'the sum cost of long-term third-party effects, environmental impacts and lost opportunity exceeds the short-term use benefits', but in practice these costs can be difficult to assess. Such an approach, however, does not address the 'efficiency-versus-equity issue'given that less-depleted aquifers favour more equitable access and better protect ecological interests.
Accepting the harsh reality of weakly recharged aquifers
In areas where current average annual rainfall is less than 500 mm/a or so, the associated rate of diffuse groundwater recharge to shallow aquifers is sensitive to soil type and vegetation cover, and can fall off markedly. Moreover, even in more humid areas, deeper aquifers may also be weakly recharged due to physical isolation from the land surface. In all such cases groundwater-irrigated agriculture will have developed under conditions of limited contemporary aquifer recharge (less than 50 mm/a), or even 'nonrenewable groundwater resources' (Foster & Loucks ) , and there is need for public administrations and private groundwater users to come to terms with this reality and to plan accordingly by:
• making every effort to ensure high efficiency and productivity of resource use • undertaking careful metering of groundwater use, with continuous monitoring and periodic evaluation of aquifer response • considering the issue of intergenerational equity by investment in implementable 'exit-solutions', such as surface-water transfer and/or low water-use activities.
The nexus with rural electricity-supply policy
The major cost component of groundwater production (once water wells are constructed) is the energy required to lift water, which will depend on water-table depth, aquifer characteristics, well efficiency and unit energy price. Rural electricity pricing can thus be a useful tool to constrain groundwater abstraction, especially in the absence of volumetric measurement and/or administration capacityalthough in cases where energy costs are only a small proportion of total crop production costs the scope may be restricted.
Paradoxically energy pricing is often used in the opposite way, with major subsidies of rural electricity in place to decrease farming costs (and reduce the price differential between groundwater and highly subsidised canal water) (Shah ). Although rural energy subsidies can be politically justified it has to be recognised that:
• the adoption of flat-rate rural electricity tariffs is perverse, since it results in farmers becoming completely insulated from groundwater resource status and water well inefficiencies, and thus from the energy consumption of crop production • while it is legitimate to support poor farmers to improve their livelihoods, better targeted subsidies to cover part of their estimated energy bill are preferable since they incorporate an incentive to use water more efficiently.
An alternative approach, applicable in some situations, is regulating (and in effect rationing) the provision of electrical energy for groundwater pumping, which is showing much promise in combating excessive abstraction in the Gujarat Jyotigram Scheme, India (Verma & Shah ) . This could be especially appropriate for weathered hardrock aquifers, whose shallow groundwater production is characterised by rapidly escalating energy consumption with excessive drawdownbut parallel action has to be taken to deter corrupt practices, protect poor farmers and constrain use of alternative energy sources.
Need for action by public administrations
Where groundwater use is unsustainable it is appropriate to ask whether it is necessary for the public administration to intervene or better to allow nature to take its course through steadily rising groundwater production costs that will eventually act as a disincentive for excessive abstraction. However, the latter approach is usually unacceptable where:
• an aquifer system is susceptible to irreversible degradation from the intrusion or invasion of saline water, or other effects
• village and small-town groundwater sources are negatively impacted, making it more difficult to achieve the Millennium Development Goals
• there are serious reductions of natural aquifer discharge, which impact unacceptably on 'downstream' water availability and groundwater-dependent ecosystems
• the user community is highly heterogeneous and watertable depletion would eliminate groundwater access for its poorer members, aggravating social inequality.
In promoting a more balanced approach to groundwater use in irrigated agriculture, which also values its other roles, public administrations also have to bear the following in mind:
• Undesirable side-effects from resource exploitation can sometime commence well before groundwater abstraction exceeds average replenishmentand both these effects, and natural susceptibility to irreversible degradation, will vary considerably with hydrogeological setting • Maintaining groundwater stocks against all depletion is rarely appropriate, especially in more arid regions where (given the long periodicity of major recharge events) groundwater storage is very important for mitigating the impacts of surface-water drought and for providing time to allow transition to lower water-use economies.
Pragmatic approach to management interventions
A fundamental paradigm that emerges from the GW-MATE experience is that 'the hydrogeologic setting of a given aquifer supporting irrigated agriculture both defines the groundwater resource problem itself and constrains potential management solutions' (Garduño & Foster ) . Thus a 'one-size-fits-all' approach to groundwater resource management is inadequateit being necessary to tailor the suite of instruments and measures deployed to local hydrogeologic setting and socioeconomic circumstance. Moreover adaptive management is advocated, with periodic assessment of progress and adjustment of approach, guided by monitoring and modelling of aquifer system behaviour.
GW-MATE has evolved a 'pragmatic framework' to guide the selection of the preferred management approach in any given situation to achieve an appropriate balance between the following: The pilot projects conducted and initiatives evaluated by GW-MATE (Table 1) have achieved useful (and in some cases inspiring) progress towards sustainable groundwater irrigation. But major reductions of consumptive water use have not been easy to achieve and some pilots have also revealed vulnerabilities of a socioeconomic and institutional characteralthough the main focus of this paper is to review the applicability and limitations of the various technical management interventions employed.
APPROACH IN 'GROUNDWATER-ONLY' IRRIGATION AREAS
Demand-side versus supply-side management Mobilisation on rainwater harvesting and recharge enhancement measures will provide a useful initial focus for community participation in groundwater management. Thus some financial provision for this needs to be incorporated in management action plans. However, whilst 'managed aquifer recharge' should be encouraged, it is not usually the solution to groundwater resource imbalance and if pursued in isolation (rather than as part of a balanced suite of management measures) may merely result in increased demand. Moreover, volumetrically the effect of 'groundwater-friendly' agricultural land-use practices is generally more significant (because much larger land areas are involved).
The most direct approach to reducing groundwater irrigation demand (and consumptive use) is to constrain abstraction and effect a reduction in irrigated area.
However, without concomitant action to sustain farmer incomes, by increasing water-use productivity through improved husbandry to improve crop yields or cultivation of higher-value crops, this policy can prove very difficult to implement and sustain (Garduño & Foster ) .
Potential for selected control of agricultural cropping practices
National food policies can be very important drivers of groundwater use, and improving their alignment with water resource objectives facilitates local management effortsfor example eliminating guarantee prices or subsidies for highly water-intensive crops (like sugarcane or paddy rice) in water scarce areas will greatly help groundwater management. Unilateral bans on such crops by community groundwater user associations may also form a critical component of local resource management. Another important intervention that can, in some cases, be taken at provincial government level is exercising control over the date of planting out paddy rice (Table 1) . Moreover, any overview of groundwater use in irrigated agriculture has to challenge the wisdom of some long-standing agricultural practices, such as groundwater irrigation of animal feed (typically alfalfa and/or maize) in arid regions using (in some cases non-renewable) groundwater resources (Table 1) .
Effectiveness of improving irrigation water-use efficiency
Mobilising finance for improving 'irrigation water efficiency' can be the key to increasing water-use productivity, reducing unit energy consumption, and a useful component of groundwater resource management action plans. But such improvements do not necessarily equate to 'real water resource savings', and without parallel investments in demand management the reverse often occurs (Foster & Perry ) . This is because a substantial proportion of the so-called 'losses' associated with 'inefficient irrigation' are in fact returns to groundwater. Moreover, progressive changes from gravity (flood) irrigation to pressurised (drip) irrigation inevitably result in a substantial increase in groundwater consumptive use, even if actual abstraction is successfully capped.
An extreme example of the effect of land management change in irrigated agriculture on groundwater recharge (and thus on resource availability) is abandonment of the traditional practice of spate irrigation in mountain-front areas (in which land is deliberately flooded with wet-season run-off to encourage groundwater recharge and increase storage availability in the dry season)very sound water resource conservation practice in mountainous arid regions. While there may be overriding agricultural reasons for abandoning such practice (since it is not compatible with investments in modern pressurised irrigation), if such decision is taken alternative methods of ensuring groundwater recharge from flood run-off will need to be introduced (Table 1) .
OPPORTUNITIES FOR CONJUNCTIVE MANAGEMENT Spontaneous conjunctive use by farmers
The spontaneous drilling of water wells by farmers, in and around major irrigation-canal commands on extensive alluvial plains, has occurred widely as a coping strategy (Shah ; Foster et al. ) in face of inadequate canal-water service levels associated with: These factors lead to high groundwater dependence, with excessive exploitation in tail-end sections.
In effect conjunctive use of groundwater and surface water, in some form or other and with varying degrees of effectiveness, is capable of achieving the following:
• Much greater water-supply securityby taking advantage of natural aquifer storage • Larger net water-supply yieldthan generally possible using only one source alone • Better timing of irrigation-water deliverysince groundwater can be rapidly deployed to compensate for shortfalls in canal water at critical times in the crop-growth cycle • Reduced environmental impactby counteracting land waterlogging and salinisation.
It is noteworthy also that private groundwater use is often characterised by higher water productivity, despite (or perhaps because of) the fact that the unit cost of this water supply to the user is much higher (Foster et al. ) .
Limits and threats to groundwater resource sustainability
It is very sound practice to use natural aquifer storage to buffer temporal and spatial variability in the availability of canal water for irrigation. But spontaneous (unplanned, unregulated and unmanaged) groundwater resource use sometimes results in aquifer depletion to water-table levels that complicate the deployment of low-cost ground-level lift pumps for irrigation and/or that induce saline groundwater encroachment.
Clearly there are upper limits on how much groundwater can be sustainably abstracted on a conjunctive basis with surface water for consumptive use in agricultural irrigationwhich varies with hydrogeological setting and surfacewater delivery scenario. Where groundwater storage is large (which is normally the case), it will be 'long-term recharge rates' (averages or trends) over the entire area under consideration that will constrain conjunctive use developmentand the key issue is to find a balance of groundwater use which overall avoids long-term water-table decline whilst also countering the rising water table and the menace of land waterlogging and soil salinisation.
Spontaneous conjunctive use sometimes encounters increasing groundwater salinity, which if not adequately diagnosed and controlled will result in a serious subsequent decline in agricultural productivity and threat to drinking-water supply security. The salinisation threat varies significantly down the length of major river basins (Figure 1) , as well as with climatic regime, and requires detailed understanding and proactive management (Foster et al. ) . It arises through a number of distinct mechanisms:
• Rising water table due to excessive canal seepage and/or field application in head-water areas leading to soil waterlogging and phreatic salinisation (Table 1) , or sometimes naturally saline shallow groundwater becoming mobilised • Leaching of soil salinity across irrigation areas on first habilitation of arid soils and/or salt fractionation by 'efficient' irrigation, with accumulation in tail-end sections of canal commands if no groundwater discharge/drainage occurs (Table 1) • More classical intrusion and encroachment of saline groundwater due to excessive abstraction of fresh groundwater, both in arid inland basins and coastal areas • Additionally there are hyper-arid areas in which virtually all groundwater is naturally saline, except where some infiltration from surface watercourses and irrigation canals forms 'freshwater lenses', which require very careful management.
It follows that lining of primary and secondary irrigation canals will be a high priority:
• On arid alluvial plains where the phreatic aquifer is naturally saline (with fresh groundwater confined at greater depth), since canal seepage represents a 'non-recoverable resource loss' contributing to rising water table and soil salinisation • On humid alluvial plains with rising water table in a shallow fresh groundwater system, since excessive canal seepage will be contributing to soil waterlogging and associated secondary salinisation.
In sharp contrast, on highly permeable alluvial terraces and peneplains (especially in more arid areas) the secondary and tertiary canal systems are often found to carry water for relatively few days per year, and the majority of irrigation users depend entirely on water wells, but with canal seepage being responsible for much aquifer recharge (Foster et al. ) . An important corollary is that any attempt to line these canals to 'save water' for use in other areas can be very detrimental to existing users.
Advantages of planned conjunctive management
If conjunctive use can be more planned it offers a major opportunity of increasing agricultural production (through improvements in overall cropping intensity and irrigation water productivity) without compromising groundwater sustainability. Planned conjunctive use of groundwater and surface water for irrigated agriculture is also a preferred adaptation strategy for climate change. Serious impediments have to be overcome, however, for the implementation of such strategies (Foster et al. ) , which are primarily institutional in character, given that provincial government organisations often simply mirror current water-use realities and tend to perpetuate the status quo, rather than offering an enabling structure for promotion of conjunctive management.
Integrated numerical modelling of irrigation canal flows, groundwater use and aquifer response, soil-water status and crop water-use are a great aid to evaluating the potential benefits of varying the spatial and temporal use of groundwater and distribution of surface water, and thus of improving conjunctive use efficiency and sustainability.
FORWARD LOOK
The greatly increased use of groundwater for irrigated agriculture in many developing nations over the past 15-25 years has resulted in widespread excessive exploitation, but does not yet represent a 'resource crisis' because the large volumes of groundwater in aquifer storage can generally buffer 'over-exploitation' for numerous years. But resource sustainability issues need to be confronted, especially where there is threat of insidious mobilisation or accumulation of groundwater salinity and/or where a significant component of the groundwater resources abstracted are non-renewable.
In most developing nations, groundwater resource accounting in areas of irrigated agriculture remains rather weak. This problem has a number of facets:
• Little momentum towards universal metering of larger abstractions and thus inevitable uncertainty over resource use (because of the limitations of indirect estimation)
• Restricted dialogue and mutual understanding between agronomists and hydrologists of soil-water balances for irrigated cropping on permeable soils and of seepage from irrigation-canal networks for aquifer recharge.
This inevitably often means that the only data to guide groundwater management are water-table trends, with the handicap that these are usually tardy indicators and often cannot be directly related to specific cropping and irrigation practices.
Integrated policy to reduce groundwater consumptive use and improve resource sustainability whilst maintaining or increasing farmer incomes should focus on the following:
• Cultivating higher-value crops on smaller irrigated areasthe rising demand for 'precision irrigation' with pressurised systems offers an adaptable platform for this, but whether it follows a 'sustainable path' will depend on the detail of irrigation-water management (and whether 'real water-resource savings' are pursued and groundwater use rights or allocations are capped in consumptive use terms), and there will also be market-related and risk-defined limits on the scope for such conversion • For the critical staple-crop (wheat, maize, rice, etc.) production the need is to increase yields from smaller irrigated areasthis can only be achieved through improving soil management, seed density and type, fertiliser and pesticide use to eliminate nutrient constraints or pest impacts on crop growth, but could impact on groundwater recharge (quantity and quality) through increasing both consumptive use per unit area and nutrient and/or pesticide leaching.
While the impact of climate change on groundwater replenishment (and on long-term sustainable resources) remains uncertain, and requires more detailed monitoring and analysis before reliable predictions can be made, it is clear that groundwater storage reserves will be a critical element in climate-change adaptation to confront more frequent and extended droughts, and through providing time for socioeconomic transformation. Other climate-change responses, however, such as the stimulation of biofuel (sugarcane, soya beans, maize, etc.) cultivation, could imply more groundwater irrigation and also increase pressure to extend the 'irrigation frontier'.
